Using fluctuation electron microscopy, we have measured the medium-range order of magnetron sputtered silicon thin films as a function of substrate temperature from the amorphous to polycrystalline regimes. We find a smooth increase in the medium-range order of the samples, which we interpret in the context of the paracrystalline structural model as an increase in the size of and/or volume fraction occupied by the paracrystalline grains. These data are counter to the long-standing belief that there is a sharp transition between amorphous and polycrystalline structures as a function of substrate temperature. PACS numbers: 61.43.Dq, 68.55.Jk, 64.70.Kb
L INTRODUCTION
Medium-range order (MRO) in amorphous silicon (aSi) is any structure that lies between the short-range (2) (3) (4) (5) ) order and long-range (> 300~) disorder a-Si is known to have from x-ray diffraction experiments [1] . There are important physical properties that involve structure at medium-range (-10~) length scales, such as the vibrational structure of a-Si [2, 3] . In this paper we deal with the process of crystallization during thin film growth. Since the observations of Vepiek et. al. [4, 5] , it has been believed that there is an abrupt structural transition between the amorphous and polycrystalline phases of silicon in thh films deposited at increasing substrate temperature. Vepiek explained this transition in terms of an observed lattice dilation in the polycrystalline phase, which, when it becomes large enough, makes that phase energetically unstable.
Vepfek's measurements were made by x-ray diffraction, It is known, however, that there are many qualitatively different structures that have the same structure factor [6, 7] and are thus indistinguishable by x-ray diffraction. Crystallization, which involves the collective action of thousands or millions of atoms, is essentially a question of MRO. Because of the isotropic nature of a-Si and the large-scale averaging involved, diffraction experiments contain little information about the structure of a-Si at length scales longer than~8 .~.
We have developed fluctuation microscopy to address just this sort of question.
Fluctuation microscopy is a quantitative transmission electron microscopy (TEM) technique that is sensitive to MRO in disordered materials. In fluctuation microscopy, we measure the normalized variance of low-resolution, hollow-cone dark field electron micrographs, defined as (~2(kQ)) _~,
where l(k, Q) is the image intensity, and ( ) indicates averaging over the image.
A dark-field micrograph is formed only with diffracted radiation.
We can qualitatively understand a lowresolution dark-field micrograph as a position-resolved map of the diffracted intensity from mesoscopic volumes in the sample [8] . k and Q are the parameters that describe the imaging condkions. k is the dark-field scatteringvectormagnitude, whichselectsthe diffracting condition for the radiation that is allowed into the image. Q is the microscope resolution, which controls the lateral extent of the mesoscopic volumes which extend through the thickness of the sample.
To see why V(IG Q) is sensitive to MRO, consider the diffraction map image of two prototypical samples [8] . The first sample is a collection of atoms at random positions. All mesoscopic volumes of this sample will have statistically similar structures, so their corresponding difiacted intensities will be similar. That describes a diffraction map with only small deviations from the mean and a low variance. In addition, if we change the diffracting condition k or the resolution Q, the variance will not change significantly, since there are no dominant pair spacings or length scales in the sample to change the diffraction. The second sample is a compact of ordered clusters which are randomly oriented with respect to the electron beam. Some mesoscopic volumes in this sample will diffract strongly if they contain a cluster oriented at a Bragg condition, while others will diffract weekly if they do not. That describes a diffraction map with a high variance. In this case, if we vary the diffraction condition k, the variance will change as we pass through mzwima and minima in the structure factor of the clusters. If we vary Q, the variance will also change as we include more and more of each cluster and eventually more than one cluster in each sampling volume.
This example shows that, qualitatively, a low variance with little structure in k and Q is the signature of little or no MRO, and a high variance with significant structure in k and Q is the signature of significant MRO. Quantitatively, the imaging is a set of convolutions and the sensitivity to MRO derives from the three-and four-body atom distribution functions [9] . So far we only have the experimental capability to vary k at ilxed Q, so all our results are plotted as V(k). V(k) gives information about the degree of MRO from the height of its peaks and the internal structure of any ordered regions from the peak positions.
Our previous fluctuation microscopy experiments have led us to the conclusion that vacuum deposited amorphous silicon and germanium thin films are paracrystalline [10, 11] . A paracrystalline structure consists of small (< 30~diameter), highly strained, topologically crystalline grains [12] which may sit in a more disordered matrix. Because the grains are strained, few of the atoms sit on the their crystalline lattice positions, and the material appears amorphous to diilraction. However, the grains have subtle internal ordering which contributes MRO to the structure. Continuous random network models do not have enough MRO to be consistent with our fluctuation microscopy results [10] .
The paracrystalline model suggests a reinterpretation of the x-ray data.
Instead of an abrupt change in the structure of the films, Vepiek et. d. observed an abrupt change in the sensitivity of x-ray diffraction to that structure. Roughly speaking, once the strain field from the grain boundaries extends all the way across each grain, the grains disappear from diffraction measurements. There ought to be, however, a continuous evolution in the MRO of the samples. We have observed just such a continuous evolution by fluctuation microscopy.
II. EXPERIMENT
We have examined five Si thin films deposited by dc magnetron sputtering onto singl~crystal NaCl substrates held at various temperatures. Samples were sputtered in a 1.8 mTorr argon atmosphere at a sputtering current of 0.3 A and a substrate floating voltage of 18 eV. The growth chamber has a base pressure of 10-7 Torr. Deposition conditions for each sample are given in Table  I .
The NaCl substrate was chosen to aid in TEN1 sample preparation for fluctuation microscopy. Due to its quantitative nature, fluctuation microscopy cannot tolerate additional scattering due to glue and or residual substrate, and requires a large, thin (< 300~), uniformthickness, free-standing sample. In addition, we wish to TABLE I. Deposition parameters of the samples. T, is the substrate temperature, rd is the deposition rate, and t is the thickness.
T. ("C)
Td (ii/S) use only chemical thinning during the sample preparation, as dimpling or ion milling may introduce uncontrolled and poorly-understoo4d artifacts into the sample. Sample preparation from a film on NaCl fulfills these re quirements. We simply immerse the sample in deionized water, and the film floats off on the surface and is caught on a 1000 mesh Cu electron microscopy grid.
Fluctuation microscopy experiments were performed in a Hitachi H9000NAR TEM equipped with a Gatan CCD camera and a custom hollow-cone illumination unit and acquisition automation system. The microscope was operated at 200 kV accelerating voltage and a resolution of 0.61/Q = 15~. Each V(k) trace is the average of at least ten different sets of measurements, quoted with one standard deviation of the mean error bars. The images have been Fourier filtered and corrected for the camera modulation transfer function, sample thickness variations, and incoherent variance, as previously described [13] .
Plane wave selected area electron diffraction measurements were also made in the H9000. Each trace is the cylindrical average of the acquired diffraction pattern image, fufiher averagedoverat least &o different are= of the sample.
The morpholobq of the samples as observed by standard TEM was nonuniform, showing a degree of agglomeration into Si "beads" that increased with increasing substrate temperature.
The characteristic size of the beads was N350 & considerably larger than the 15c haracteristic sampling volume used in the fluctuation microscopy measurements. The primary effect of the film morpholoe~is to contribute a k-independent offset to the V(k) data, which we subtract off [13] . For some of the samples, the incoherent variance subtraction procedure overcompensated, leading to a fictitious negative variance. All the V(k) curves have therefore been vertically offset by 0.06 so that the minimum quoted variance is zero: this does not affect our conclusions, which are based on the relative magnitude of the peaks in V(k). Figure 1 Sholvs the transmission electron diffraction intensity from the samples. This is the electron equiva- . The third peak is too small to be detected simultaneously with the first peak within the dynamic range of the CCD camera.
III. RESULTS
The 440 "C sample shows peaka at k = 0.31~-1, 0.53 -1, and 0.61~-~. The last two peaks correspond to the crystalline Si (220) and (311) reflections, indicating that the 4400 C sample is polycrystalline. The 350 "C sample has a small crystalline volume fraction, on the order of 0,1 %, as indicated by the shoulder on the low-k side of the k = 0.57~-~peak, which is associated with a weak (220) reflection. Figure 2 shows fluctuation microscopy data for the amorphous phase samples, T~= 200-350 "C. We observe a monotonic increase in the height of both of the peaka with increasing substrate temperature from Ts = 200-300 "C. There is a reversal in the relative heights of the two peaks, with the first peak higher than the second in the 2000 C sample, and the second higher "For historical reasons, electron microscopists define k = l/A instead of k = 27r/A,so the k units throughout are 27rsmaller than the x-ray units. The 350 "C sample has the same peak-to-dip V(k) magnitude as the 300 'C sample. The k-independent offset of thk trace is due to a lack of accuracy in our incoherent variance correction scheme as applied to this data set. The second peak in V(k) is shifted slightly towards lower k in this data compared to the lower temperature data.
All of the 10W-T$data are well-fit by a sum of two Gaussians, one for each peak, and an additional k-independent offset parameter, giving '@)=h'exd(ki?21 +h'exp[(kG')' 1+'" (2) The solid lines in Figure 2 are fits to this form. The fit parameters are given in Table II . There is no physical reason for the Gaussian form; instead we believe that there are many contributions to the experimental peak shape which taken together give a Gaussian shape by the central limit theorem. The peak height parameters hl and h2 bear out the observations already made. The shift of the first peak in the 200 "C sample is reflected in its ICI,but the shift of the second peak in the 350 'C sample is not reflected in its k2. Note, however, that the fit curve passes below all of the data points on the low-k side of the 350 'C second peak. There may also be some sensitivity to the initial fit parameters used to start the iterative non-linear fitting procedure. Figure 3 shows V(k) for the polycrystalline 440 "C sample. The overall magnitude of V(k) is -4 times larger than that of the 350 "C sample. The second peak has shifted to lower k, and we believe there is a third peak developing at higher k. The dashed line in Figure 3 is a fit to the doublr+peak form of Equation 2, which is unsatisfactory. The solid line is a fit to a triple-peak form, which is much better, Table II gives the fit parameters for the double-peak form and the first two peaks of the triplepeak form. The fit parameters for the third peak are h3 = 0.1+ 0.05, k~= 0.56+ 0.06 and Ak3 = 0.08+ 0.06. The appearance of the third peak is associated with a splitting of the second peak into contributions from crystalline (220) and (311) reflections. The error bars are larger in this data than that in Figure 2 because the polycrystalline grain size is 100-200 & so there are far fewer structural units in each 0.025 pm2 image than in the amorphous sample images and the statistical sampling is poorer.
IV. DISCUSSION
The data presented in Section III have shed new light on the general interpretation of V(k) data. V(k) is sensitive to fluctuations in the diffraction intensity, rather than the magnitude of the intensity itself, so V(k) for the polycrystalline sample is large because the crystalline grains are localized, high-intensity scatterers. When we find a k that corresponds to the diffracting condition for a grain, it diffracts strongly, while everything around it does not. The same thing happens in the amorphous samples, but at a smaller length scale and lower magnitude.
For all but the T. = 200 'C sample, the peak at the (220) position is higher in V(k) than the peak at the (111) position, indicating that the fluctuations in the (22o) diffraction are larger. atom cluster as a function of the cluster's dihedral angle. The connecting bond (111) vector is not changed by the dihedral angle rotation, so its difiacted intensity is constant. The (202) intensity changes with the dihedral angle, having a maximum at 60°, which is the dihedral angle typical of crystalline Si. There are three other (111) family vectors, such as (111), in this cluster which will vary with the dihedral angle, and there are seven more (220) family vectors, such as (205), but overall, the (220) reflections shows more variation in intensity with the dihedral angle than the (111) reflections.
Consider a structure with a spatially uniform random distribution of dihedral angles. The diffracted intensity from the mesoscopic volumes of such a structure will re main close to the average values of the two curves in . Now consider a structure with some regions in which the dihedral angles show a greater tendency towards the crystalline value of 60°. The (111) reflection intensity is not much different inside or outside these regions, since it is relatively insensitive to dihedral angle ordering. The (220) intensity, however, becomes significantly larger in the ordered regions and remains lower outside them. Thus the fluctuations in the diffracted intensity are larger in the (220) reflection, and the second peak in V(k) is greater in magnitude than the first peak. This is what we believe is occurring in the samples we have examined as a function of T~. The monotonic increase in both of the peak heights with T, from T. = 200-300 0C is an indicator of increasing MRO, as is the reversal of the relative heights. We believe the MRO takes the form of paracrystalline grains which are topologically crystalline [12] , although distorted by strain. Those regions grow larger and/or occupy a greater volume fraction with increasing T~. One expression of the increased MRO of the grains is a preference for crystalline Si dihedral angles, which leads to the observed reversal in the peak heights with increasing order. The further ordering of the 350 0C sample with the introduction of a small crystalline volume fraction is indicated by the shift in the second peak from the amorphous towards the crystalline diffracting condition. As shown in Figure 1 , these changes in MRO are not detected by diffraction.
These data are evidence that there is a smooth structural transition between amorphous and polycrystalline structures in Si as a function of T~. This occurs naturally within the paracrystalline model: the grains simply grow larger and larger with increasing T. until they become visible to diffraction and we consider the sample to be polycrystalline. It is important to note that a paracrystal a metastable, not equilibrium, state. Theoretically, there may be a phase transition between the polycrystalline state and some disordered state, meaning that the equilibrium eneragyof the disordered state could be lower than the polycrystalline state under the right conditions. We believe, however, that a real film deposited under highly non-equilibrium conditions of high deposition rate and low substrate temperature will never reach that equilibrium disordered state. Instead, it becomes trapped in a metastable state that is locally crystalline, but globally disordered and best characterized as paracrystalline.
Finally, these data shed some light on some of our previous observations. First, the lowest temperature T. = 200 "C data are consistent with our previous measurements on a-Si and hydrogenated a-Si (a-Si:H) [11, 14] , indicating that those results were not an artifact of the aluminum foil substrate on which the films were grown. Second. we have reported a difference in MRO between aGe and a-Si thin films [10] . The a-Ge films look more like the higher-T, aA3i films we have examined here, in that the second peak in V(k) is higher than the first, so those results may be due to differences in the homologous substrate temperature, rather than some fundamental property of the elements. Finally, we have reported that hotwire CVD (HWCVD) aA?ii:Hhas similar MRO to other forms of &Si:H [11] . However, the HWCVD sample we examined was deposited at 3800 C, which, compared to the 350 "C sample here, makes it remarkable for having so little MRO, rather than having more MRO than other forms of aA3i:H as has been suggested based on x-ray data [15] . Further experiments are needed to completely understand these observations.
V. CONCLUSIONS
We have examined with fluctuation microscopy the medium-range order (MRO ) of magnetron sputtered amorphous silicon (a-Si) as a function of substrate temperature T, over a range of temperatures that produce amorphous and polycrystalline structures. We observe a smooth increase in MRO with increasing T~. The MRO increases even in the lowest temperature samples with T. = 200, 250, and 300 'C which have indistinguishable transmission electron diffraction spectra.
We explain these results in terms of the paracrystalline model which consists of small, topologically crystalline grains which may be in a disordered matrix. The increasing MRO of the samples is due to the increasing size of and/or volume fraction occupied by the paracrystalline grains. Because the grains are strained, few of the atoms sit on their crystalline lattice positions, and the structure remains amorphous to diffraction experiments until the grains exceed some critical size. In this model, the earlier reports of a sharp transition between polycrystalline and amorphous Si as a function of T~using x-ray diffraction [4, 5] are a result of a sharp transition in the sensitivity of x-ray diffraction to the relevant structure, rather than a sharp transition in the structure itself.
